ABSTRACT
INTRODUCTION
Surface modification of metals and alloys in a broad sense includes all types of surface treatments and coatings that result in change in composition and microstructure of the surface layer. There are different methods for modifying the surfaces of structural alloys, dictated by the performance requirements of the alloy in its service environment. One of the approaches, traditional for the steels, is to modify the surface of engineering alloys via diffusion of different elements and forming a layer with determinate chemical composition, microstructure and properties. The commonly used in practice methods for thermochemical treatment of metals extended to the methods of physical vapor deposition and chemical vapor deposition and they form the modern techniques for surface engineering. Another approach involves coating of alloy surface via plasma spraying, electrospark deposition, modifying the surface by ion implantation or sputter deposition of selected elements and compounds, etc. In recent years a particular attention is directed to the advanced methods for surface modification of metals such as laser surface treatment, electrical discharge machining and plasma electrolysis, which give a modified surface with specific combination of microstructures and properties and considerably extend the application areas of the basic materials. They form recast layers on the metallic surface after attacking with high energy stream such as laser or electrical discharges for a very short time and pulse characteristics that involve local melting and after that rapid cooling. The recast layer can be with the same chemical composition as the substrate, but with different microstructure and properties in result of nonequilibrium phase transformations during the rapid cooling, or with a different chemical composition, microstructure and properties in result of attending diffusion process of surface alloying. In recent years it is of both scientific and practical interest the electrical discharge machining (EDM) for producing recast layers on the steels with different characteristics and properties, mainly high hardness, wear resistance and corrosion resistance [1] [2] [3] . The electrical discharge machining uses electrical discharges to remove material from the workpiece, with each spark producing temperature of about 8000 -20000ºC. This causes melting and vaporization of small volumes of the metal surface and after cooling in dielectric fluid, the melted zones are transformed in recast layer with specific structure. This recast layer is also named white layer and it crystallizes from the liquid metal cooled at high rate in the dielectric fluid. The depth of this top melted zone depends on the pulse energy and pulse duration. Below the top white layer is the heat affected zone with changes in the chemical composition and possible phase changes. Under the high temperature of the discharge column, the white layer can dissolve carbon from the gases formed in the discharge column from the hydrocarbon dielectric and receives higher carbon content than the base material and hence to show an increased resistance to abrasion and corrosion. Moreover electrode material has been found in the workpiece surface after machining with conventional electrode. Better surface properties have been obtained by machining with powder metallurgy electrodes containing appropriate alloying elements which diffuse in the workpiece surface. Fine powders mixed in the dielectric medium offer another way for achieving desirable surface modification.
Such a method as EDM is the electrical discharge treatment in electrolyte, where the modification goes by a high energy thermal process in a very small volume on the metallic surface, involving melting, vaporisation, activation and alloying in electrical discharges and after that cooling of this surface with high rate in an electrolyte. The high energy process put together with the nonequilibrium phase transformations in the metallic system causes considerable modifications of the metallic surface and obtaining of layers with finecrystalline and nanocrystalline structure [4 -6] . The metallic surface after electrical discharge treatment in electrolyte has a different structure in comparison with the metal matrix which determines different properties. It is observed remarkable increasing of hardness, strength and corrosion resistance related to the nonequilibrium phase transformations and the obtained finecrystalline microstructure. The investigations show that obtained on tools layers have higher hardness, wear resistance, tribocorrosion resistance and corrosion resistance, which give better performance, considerable increasing of working life and wide opportunities for industrial application.
EXPERIMENTAL
For the electrical discharge treatment in electrolyte a laboratory device is developed, (Fig. 1) , giving opportunities for treatment of workpieces with diameter up to 20 mm. The electrolyte 3 is in active movement by mixing with a magnetic stirrer 4. After passing of electric current with pre-determinate characteristics through the electrolyte between the workpiece 1 and electrode 2, active sparking on the workpiece surface starts. The sparking characteristics depend on different factors such as parameters of the electric current, type and composition of the electrolyte, movement of the workpiece and electrolyte.
The workpieces for the present investigations are made from high-speed steel HS 6-5-2 with structure after a typical heat treatment for tools of this steel as well as from cold-work tool steel 90CrSi5 with structure after quenching and tempering. The chemical compositions of the steels are given in Table 1 . The electrolyte composition and its characteristics are of great importance for the process parameters and for the microstructure and properties of the modified layers. In present experiments the electrolyte is composed on water basis containing dissolved glycerol and sodium carbonate. In the electrolyte is suspended fine sized B 4 C. The boron content of the electrolyte and the opportunity for its accelerated diffusion by activation in the electrical discharges on the metal surface increases the tendency for borides formation and grain size refinement in the modified layers. The specific properties of the recast white layer in a case of high-speed tool steels are the remarkable high hardness, strength and corrosion resistance related to the nonequilibrium phase transformations in the high alloyed metallic system.
RESULTS AND DISCUSSION
The metal surface after electrical discharge treatment in the electrolyte receives a different structure in comparison with the metal matrix which determines different properties. In most cases on the surface is formed a recast white layer with fine-or nanocrystalline structure. It is a result of high energy local heating and melting by electrical discharge impact on the surface and following high-rate quenching in the electrolyte. The white layer characteristics, its homogenous structure and thickness, depend on the electric current parameters and the duration of treatment. This white layer is typical for the high alloy high-speed steel after electrical discharge treatment in electrolyte. In lower voltage treatment the obtained white layer is nonhomogeneous and locally deposited on the metal surface. The increase of treatment time in this case shows an unsignificant effect on the process. In Fig. 2 an optical micrograph of a high-speed tool steel surface microstructure after electrical discharge treatment at 150 V for 3 minutes is shown. The thickness of the obtained layer is under 0.01 mm.
The investigations have shown that it is possible to obtain a white layer on the tool steel surface at voltages of about 100 V, Fig. 3 [6] , but the electrical discharges energy is unsufficient for dissolving of carbides and the hardness of the modified surface can not receive the expected high level.
The voltages above 200 V give a very high intensity of the sparking on the metal surface with energy enough for melting of the metal and dissolving of the carbides and it is possible to obtain compact recast layer with homogeneous structure. By the high speed quenching from liquid state the solubility of the alloying elements remains very high in a supersaturated solid solution and after nonequilibrium phase transformations metastable structures with high hardness and wear resistance are formed. In Fig. 4 an optical micrograph of the recast layers obtained after 3 minutes treatment at 200 V is shown. The thickness of the obtained white layers is about 0.05 -0.06 mm. The modified surface has a very high corrosion resistance and can not be etched. The microhardness of the white layer in these cases reaches more than HV 1500.
The XRD investigation of the modified by electrical discharge treatment in electrolyte high-speed steel surface shows a significant difference with the bulk material ( Fig. 5 and Fig. 6 ). The modified surface has typical diffraction patterns for nanocrystalline structures. The XRD analysis also proves the mass transfer of boron from the electrolyte and its diffusion in the surface layer.
In the modified steel surface along with carbides typical for the high-speed steel structure, Me 2 B is also presented.
On the modified surface of 90CrSi5 steel a white area with dispersed coarse martensitic plates can be observed (Fig. 7) . The microhardness of the white area is higher than of the martensitic plates and reaches HV 1100 -1200. The XRD analysis detects also presence of Me 2 B in the modified layer.
CONCLUSIONS
The high energy process of electrical discharge treatment in electrolyte and the nonequilibrium phase transformations in the high alloyed system of HS 6-5-2 steel leads to considerable modifications of the metal surface and obtaining of layers with fine-crystalline and nanocrystalline structure. On the modified surface of 90CrSi5 steel can be observed a white area with dispersed coarse martensitic plates in it. The modified surfaces have high hardness, strength, wear-and corrosion resistance. The investigations show that the obtained layers on HS 6-5-2 steel reach microhardness above HV 1500. The microhardness of the modified 90CrSi5 steel surface is in the range HV 1100 -1200. The XRD analysis proves a mass transfer of boron from the electrolyte and its diffusion in the metal surface and presence of Me 2 B in the modified steel surface. 
